Sixty-four bottom ash (BA) samples from indoor burning of eight bio-fuels (BFs) including cotton (COT), corn (COR), millet (MIL), soybean (SOY), sorghum (SOR) and sesame (SES), firewood walnut (WAL), and corn cob (COC) were collected across the Beijing-Tianjin-Hebei (BTH) region. Each BA was divided into five differently sized parts for the analysis of eighteen PAHs using the GC/MS system. The Σ 18 PAHs values for all the BAs varied from 65.0 ± 10.6 to 1310 ± 129 ng g -1 . SOR had the highest PAH level, and COC produced the lowest level. The Σ 18 PAHs for SOY, WAL, COT, COR, COC, and SES were negatively correlated with the BA sizes. The NA, PHE, ACL, AN, FA, PY, FL, and AC dominated in all the BAs except for SES. All the BAs were dominated by 2, 3-ring PAHs. The PAH profiles for differently sized BAs within MIL, SOR, COC, COR, and SES were similar based on lower coefficient of divergence values, while the other three BFs did not exhibit this trend. All the BF pairs except for SOR vs. SES and COC vs. COR had the different PAH profiles. No series of coincident diagnostic ratios (DRs) could represent all BFs based on their significantly varied DRs. AN/(AN + PHE) and BA/BgP might be used in identification of combustion sources of different types of BFs. SOR and SES had higher potential toxicity risk based on higher TEQ, BaPE, and CPAHs values. BgF and BgP were the indicatory PAHs for SOY, MIL, COR, SOR, and COC, while they were AC and FL for the remaining three BFs.
INTRODUCTION
The particle matter (PM) emitted from combustion of crop straws accounts for approximately 20% of the total PM amounts emitted from biomass burning around the world (Crutzen and Andreae, 1990; Streets et al., 2003) . China as a large agricultural country. Its biomass utility as energy accounts for a large proportion of total energy consumption, especially in rural areas. China contributes approximately 25% of total biomass burning around Asia (Streets, et al., 2003) , and biomass burned as energy accounts for 79.3% of total energy consumption in rural areas in China (Zhong et al., 2001) . The improper use and waste of biomass resources not only results in serious atmospheric pollution, but also damages the ecological environment Indoor air where working Zaotai stoves are located may contain various pollutants, such as CO, heavy metals, and PAHs. Also, some researchers have considered the emissions from Zaotai stoves for cooking and wood stoves for heating to be the major contributors to atmospheric pollution (Toscano et al., 2014; Orecchio et al., 2016a) . Serious atmospheric pollution incidents attributed to biomass burning have been frequently reported for domestic cities in Southeast Asia, India, Russia, and China (Permadi and Kim Oanh, 2013) . Abas et al. (2004) reported that biomass combustion was the main source of organic aerosol during a heavy haze episode in Malaysia. Polycyclic aromatic hydrocarbons (PAHs) are a class of typical persistent organic compounds originated from incomplete burning of coal, crop straws, garbage, and other organic substances (Liu et al., 2008; Masto et al., 2015; Liu et al., 2016; Li et al., 2017a; Liu et al., 2017) . When the incomplete combustion temperature is higher than 400°C, PAHs are often formed through aromatization reactions during the pyrolysis phase of BFs (Fisher et al., 2002) . The emitted PAHs from biomass burning have been a more focused issue, and their content varies significantly due to the compositional differences in types of BFs (Masto et al., 2015; Mahua, et al., 2017) . Bottom ashes (BAs) can be used as soil conditioners due to their nutrient content (Ferreiro et al., 2011) . However, the BAs from biomass burning can both adsorb and absorb large amounts of hazardous organic compounds (e.g., PAHs) and thus have adverse effects on human health (Košnář, et al., 2016) .
Recently, BTH, as a culture and political center in north China, has been experiencing extreme, frequent atmospheric pollution episodes due to rapid urbanization and economic growth (Li et al., 2017; Zhang et al., 2017) . Biomass burning is a main contributor of BTH atmospheric particles and PAHs. Indoor biomass burning contributes as much as 35-50% of BTH atmospheric particles (Li et al., 2017b) . Inadequately treated bottom ashes (BAs) result in serious atmosphere and soil contamination. To our knowledge, few studies have been conducted on the characteristics of PAHs in BAs from BTH indoor biomass burning.
Therefore, systematic research on emitted PAHs in ashes for different BFs across BTH is necessary to comprehensively determine their utilization and assess their adverse environmental impacts. In this study, 64 BA samples were collected for 8 BFs across BTH. Each BA sample was divided into 5 differently sized parts, and a total of 320 BA samples were obtained for the analysis of 18 PAH congeners using the GC-MS system. The main aims of this study were to: 1) investigate the size distribution of total PAHs and individual PAH congeners for eight BFs, 2) compare the similarity of PAH profiles among ashes of different sizes within one BF and among different BFs in order to simplify the source apportionment of atmospheric PAHs, 3) assess the potential toxicity risk to human related to PAHs in ashes from indoor burning of 8 BFs, 4) analyze the diagnostic ratios of PAHs for the 8 BFs, and 5) identify the indicatory PAHs for the 8BFs.
SAMPLE COLLECTION AND ANALYSIS

Sample Pre-treatment and Analysis
The detailed sampling site distributions in BTH and the sampling project were documented in Li et al. (2017b) . The BA samples were collected from Zaotai stoves across rural areas of BTH using a stainless steel shovel rinsed with n-hexane before sampling. All the BFs were fully dried in the sun before combustion, and the BA samples were dried using a vacuum dryer. We aimed at the same combustion conditions as those in actual cooking. The combustion started by igniting biomass with natural gas, and the BFs were burned down until the fire went out. The 8 samples for the 8 BFs were collected from each one of 8 sampling sites, and a total of 64 samples were obtained. A total of 2 kg of ash was collected using a pre-rinsed steel shovel and stored in a brown glass bottle. Then, each BA sample was divided into 5 differently sized parts using a vibrated screen, including 93-148 µm ), 67-93 µm ), 53-67 µm ), 40-53 µm (PM 40-53 ), and < 40 µm ). Finally, the 320 BA samples were stored at -20°C before analysis.
The 18 PAHs were analyzed using the HP6890 GC/5973i MS for which the selected ion mode (SIM) was adopted. 18 PAHs were detected in this study, including naphthalene (NA), acenaphthylene (ACL), acenaphthene (AC), fluorine (Fl), benzo(g,h,i)perylene (BgP), phenanthrene (PHE), anthracene (AN), fluoranthene (FA), pyrene (PY), benzo(a)anthracene (BaA), chrysene (CHR), benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF), benzo(e)pyrene (BeP), benzo(a)pyrene (BaP), indeno(1,2,3-cd)pyrene (IP), dibenzo(a,h)anthracene (DBA), and coronene (COR).
The same sample pre-treatment and analysis method was adopted as that suggested in the EPA TO-13 and also adopted by Kong et al. (2011) and . The DB5-MS (length: 30 m; inner diameter: 0.25 mm; thickness: 0.25 mm) was used. The chromatographic conditions were as follows: 70°C held for 2 min, ramped to 260°C at 10 °C min -1 and held for 8 min, then ramped to 300°C at 5 °C min -1 and held for 5 min. Helium was used as the carrier gas at a constant flow of 1.0 mL min -1 . The detailed pre-treatment and analysis method can be reviewed in Kong et al. (2011) and is described simply as follows: 10 g of the BA sample was extracted with an ultrasonic wave using dichloromethane and was concentrated with a rotary evaporator. The extract was then purified in a gel column and concentrated again with a rotary evaporator. Finally, the volume was set at 0.5 mL by nitrogen blowing before analysis.
The 128, 154, 152, 166, 178, 178, 202, 202, 228, 228, 252, 252, 252, 252, 276, 278, 276 , 300 for NA, ACL, AC, FL, PHE, AN, FA, PY, BaA, CHR, BbF, BkF, BaP, BeP, IP, DBA, BgP, and COR, respectively.
Quality Control (QC) and Quality Assurance (QA)
The entire pre-treatment and analysis procedure was strictly conducted according to the QC/QA programs. The sample blank, sample duplication, matrix spiked sample, and procedural blank experiments were conducted on schedule every 6 samples. The results indicated that no target chemicals were found in the solvent or procedural blank experiments.
The method detection limits (MDLs) (reported in ng g -1 ) for the 18 PAHs were 1, 0.37, 0.40, 0.39, 0.12, 0.14, 0.14, 0.26, 0.19, 0.16, 0.14, 0.37, 0.32, 0.27, 0.30, 0.17, 0.17, and 0.30 for NA, ACL, AC, FL, BgP, IP, DBA, BbF, BkF, PHE, AN, FA, BaA, CHR, PY, BaP, BeP, and COR, with a mean value of 0.289 ± 0.202. The recovery rates for the 18 PAHs in 54 matrix added samples ranged from 78% to 119%. The surrogate standards, such as 14-deuterium substituted terphenyl and 4-bromo-2-fluorobiphenyl in 320 samples, had recoveries of 89 ± 12% and 92 ± 10%, respectively. The relative standard deviation (RSD) values for the 54 duplicated samples were all less than 10%.
RESULTS AND DISCUSSION
Total Contents of 18 PAHs for All BFs
Among the 8 BFs, the total content of the 18 PAHs (Σ 18 PAHs) for 6 BFs (SOY, WAL, COT, COR, COC, and SES) were all negatively correlated with the particle sizes, while MIL and SOR didn't display this trend (Fig. 1) . The Σ 18 PAHs for all the BAs varied significantly from 65.0 ± 10.6 to 1310 ± 129 ng g -1 . The various sized BAs of SOR had the highest PAH levels (from 1100 ± 160 to 1310 ± 129 ng g -1 ), while those from COC produced the lowest levels (65.0 ± 10.6 to 338 ± 68.9 ng g -1 ). The highest TOC values for the different sized BAs from SOR among the 8 BFs were possibly the reason for this finding. The corresponding values (reported in ng g -1 ) for the other 6 BFs ranged from 294 ± 55.6 to 1140 ± 191 for SOY, 651 ± 100 to 897 ± 102 for MIL, 90.3 ± 12.6 to 747 ± 110 for WAL, 358 ± 65.6 to 799 ± 118 for COT, 300 ± 41.1 to 469 ± 88.0 for COR, and 338 ± 66.8 to 576 ± 98.9 for SES, respectively. The TOC values were analyzed for 320 BA samples in order to assess the influence of incomplete combustion. The TOC values were corrected well with the Σ18PAHs values for all the BAs (R 2 = 0.89, P < 0.005), indicating incomplete combustion and suggesting that the BF species were important factors influencing the PAH emissions. Košnář et al. (2016) also reported the main factors contributing to PAH emission to be combustion temperature and BF species, while Masto et al. (2015) indicated that fuel species was less important than combustion conditions in PAH emissions.
Compared with the results of similar studies, theΣ 18 PAHs (reported in ng g -1 ) for all BFs in this study were much higher than 21.9 (Σ 18 PAHs) for fly ashes (FAs) from 16 Chinese coal fired power plants (CFPPs) with individual block power capacity (IBPC) of 600 MW and 29.8-63.8 (Σ 16 PAHs) for BAs from 48 biomass-fired power plants (BFPPs) in the Czech Republic (Zdeněk et al., 2016) , much lower than 3466-4766 (Σ 16 PAHs) for FAs from a Chinese CFPP with IBPC of 300 MW (Li et al., 2014), 3590-193,000 (Σ 16 PAHs) for BAs from 4 Indian BFPPs (Masto et al., 2015) , 3860-148,991 (Σ 16 PAHs) for FAs from 48 BFPPs in the Czech Republic (Zdeněk et al., 2016) , 1200-15900 for bottom ashes from combustion of municipal solid waste (MSW) (Peng et al., 2016a (Peng et al., ), 1970 for bottom ashes from combustion of hydrothermally treated MSW (Peng et al, 2016b) , and 135,40 for FAs from coal pressurized combustion (Zhou et al., 2009 ), while they were in the range of 31-2610 (Σ 16 PAHs) for FAs from 4 Indian BFPPs. The significant difference of PAH levels among these studies were possibly resulted from the difference of fuel type, ash type, combustion conditions and the degree of burnout (Masto et al., 2015; Košnář et al., 2016; .
Content of Individual PAH Congeners in Different Sized
BAs for 8 BFs Table 1 including COR, DBA, and IP had the lowest levels among all the BAs (Table 1) . Masto et al. (2005) suggested that the dominant PAHs were NA, PHE, BbF, and FA in BAs from a biomass (consisting of coconut, chicken and wood waste) fired power plant, while FAs dominated with NA, PHE, ACL, and PY in fly ashes. Zhou et al. (2009) reported the predominant PAHs to be CHR, FA and PHE, and NA, FA, and PHE in FAs from coal and residue char-pressured combustion, respectively. Liu et al. (2000) reported ACL, FA, and FL to be the top PAHs in FAs from fluidized bed combustion of coal at 800°C. Singh et al. (2003) reported that the top PAHs were AN, FA, BaA, and CHR for indoor BF combustion processes in rural areas in India. Li et al. (2014) reported them to be PHE, PY, NA, and FA in FAs from a Chinese coal fired power plant of 300 MW. Li et al. (2015) indicated them to be NA, ACL, and FA in the FAs from solid waste combustion in a rotary kiln incinerator. reported them to be NA, PHE, FL, FA and CHR for FAs from Chinese coal-fired power plants (CFPPs) with individual power capacity of 600 MW, while they were NA, PHE, FA, PY and FL for CFPPs with lower individual power capacity ranging between 200 and 300 MW. Valavanidis et al. (2008) reported the PAH profiles for emitted soot particles from combustion of 6 types of common plastics. The predominant PAHs were NA, BkF, and AN for polystyrene, NA, AN and CHR for poly vinyl chloride, NA, FL, and PHE for low density polyethylene, NA, PHE, and FL for high density polyethylene, and NA, AC, and FL for polypropylene and polyethyleneterephthalate, respectively. Orecchio et al. (2016a) reported the PAHs in the ashes of indoor combustion of wood pellets for heating in Italy and indicated that they were NA, PHE, and AN for burning of fir, NA, PHE, and FA for a mixture of fir and beech, and NA, PHE and ACL for conifers, respectively.
As the most toxic congener, BaP is the most carcinogenic (Kong et al., 2011) . It should be noted that the highest content of BaP, in the range of 36.8-61.2 ng g -1 , was found in the BAs from SOR, indicating their strong toxicity.
The congener composition difference among different studies is a result of the choice of fuel species, the combustion conditions, and the particle size of the ashes (Košnář et al., 2016; . However, fuel species has been found to be the prevailing factor (Košnář et al., 2016) .
Potential Toxicity Risk Assessment
Widely known parameters, including total carcinogenic PAHs (C-PAHs), BaP-based equivalent carcinogenic power (BaPE), BaP-based equivalency concentration (BaPeq), and 2,3,7,8-tetrachlorodibenzodioxin (TCDD)-based toxic equivalency concentration (TEQ), have been extensively applied to assessing PAH risks to humans (Kong et al., 2011; Cheruiyot et al., 2015; Orecchio et al., 2016a) . The calculated results of potential toxicity risk for the 8 BFs are listed in Table 2 . The BaPeq (%) values of each PAH varied significantly among the 8 BFs as a result of their varied concentrations and BaP-based equivalent factors . FA and BbF had higher BaPeq (%) values than the other PAHs, which is similar to those found for coal fired power plants with individual block power capacity ranging from 200 to 300 MW . ) was higher than those found for domestic burning of bituminous coal (Beijing and Shanxi, 30.5/60.6), anthracite coal (Beijing and Shanxi, 0.1/0.2), and honeycomb Briquette (Beijing and Shanxi, 1.1/42.7) in high heat mode (Liu et al., 2009) . The BaPE values for SOY, MIL, COT, and SES were higher than those of anthracite coal (Beijing and Shanxi) and honeycomb briquette (Beijing) (Liu et al., 2009) . The BaPE values for SOR, SOY, MIL, COT, and SES were significantly higher than that (0.570) of Chinese coal fired power plants with individual block power capacity of 600 MW . Therefore, comprehensive utilization should be cautionary based on high potential toxicity risks. ). d The BaP-equivalent carcinogenic power (BaPE) for the total PAHs (ng g (Liu et al., 2009; . e TEQ: Total toxicity potency (TEQ) of the 16 PAHs is calculated by TEQ = ƩPAH i × TEF i . TEF values are referred to Nisbet and LaGoy (1992) Fig. 2 lists the ring size distributions of the PAHs in the BAs from all BFs. The PAHs are often classified into three categories (low, medium, and high) according to their molecular weight, and are called LMW-, MMW, and HMWPAHs, respectively (Kong et al., 2011; . The 2-and 3-ring compounds are contained in LMW-PAHs, 4-ring compounds belong to MMW-PAHs, and 5-, 6-and 7-ring compounds belong to HMW-PAHs. The BAs from all BFs were dominated by LMW-PAHs, especially the BAs from COR, COC, COT, and WAL. The HMW-PAHs were not detected in emitted BAs from COR and COC. The LMW-PAHs contributed 78.3 ± 5.16%, 80.2 ± 4.43%, 46.9 ± 7.20%, 92.5 ± 4.39%, 69.3 ± 8.31%, 96.4 ± 1.61%, 96.7 ± 0.311%, and 50.8 ± 1.34 to the total PAH concentrations of SOY, MIL, SOR, WAL, COT, COR, COC, and SES, respectively. Similar results have been reported elsewhere. SOR and SES had the highest ratios among the MMW-PAHs of 28.1 ± 2.36% and 25.0 ± 0.721%, respectively. The lowest ratios for MMW-PAHs of 3.28 ± 0.311% and 3.65 ± 1.61%, respectively, occurred in the BAs from COC and COR. The LMW-PAHs varied significantly from reported values found elsewhere, where they contributed 42.54% and 41.4% to the total PAHs in fly ashes originating from the combustion of coal and residual char in a pressurized spouted fluidized bed (Zhou et al., 2009) , 86.9 ± 13.0% and 47.9 ± 26.2% of total PAHs in fly ashes and bottom ashes, respectively, from four Indian biomass fired power plants (Masto et al., 2015) , and where 32.7% and 44.5% of total PAHs were attributed to LMW-PAHs for bottom ashes from a sample of phytomass and dendromass -fueled power plants in the Czech Republic (Košnář et al., 2016) .
Composition Profiles of PAH Homologs with Different Rings for 8 BFs
Similarity Comparison of PAH Profiles among Different BFs and Different Sized BAs within One BF
A widely known parameter coefficient of divergence (a self-normalizing parameter) has been extensively used to distinguish the PAH profiles between two sources and can be calculated as follows (Kong et al., 2011; Li et al., , 2017b :
where CD jk refers to the PAH profiles for two different BFs or two different sized ashes for one BF; p is number of analyzed PAH congeners for each ash, and x ij and x ik are the normalized concentrations of PAH i for j and k (Wongphatarakul et al., 1998; Kong et al., 2011; Li et al., , 2017b . The PAH profiles between the two emission sources were similar in that the CD value approach zero and was different if CD approached one (Wongphatarakul et al., 1998) . Both Kong et al. (2011) and Li et al. ( , 2017b used 0.3 as the threshold value to identify the similarity of source profiles. 9 3 -1 4 8 6 7 -9 3 5 3 -6 7 4 0 -5 0 < 4 0 9 3 -1 4 8 6 7 -9 3 5 3 -6 7 4 0 -5 0 < 4 0 9 3 -1 4 8 6 7 -9 3 5 3 -6 7 4 0 -5 0 < 4 0 9 3 -1 4 8 6 7 -9 3 5 3 -6 7 4 0 -5 0 < 4 0 9 3 -1 4 8 6 7 -9 3 5 3 -6 7 4 0 -5 0 < 4 0 9 3 -1 4 8 6 7 -9 3 5 3 -6 7 4 0 -5 0 < 4 0 9 3 -1 4 8 6 7 -9 3 5 3 -6 7 4 0 -5 0 < 4 0 9 3 -1 4 8 6 7 -9 3 5 3 - For the remaining 3 BFs (including SOY, WAL, and COT) with different PAH profiles among the different sized BAs, the CD values were calculated for every BA pair between two BFs. The PAHPs for the two BFs were identified as being different if the CD value of any one pair of BAs was higher than 0.3. The results showed that the PAHPs for SOY, WAL, and COT were different from each other (Fig. 3) .
PAH Diagnostic Ratios
The diagnostic ratios (DRs) of PAHs are always selected to identify the emission sources and have been effectively used in source apportionment of atmospheric PAHs (Kong et al., 2011; Orecchio et al., 2016a, b) . The detailed application of DRs in source apportionment has been described elsewhere (Ravindra et al., 2008; Tobiszewski and Namiesnik, 2012) . Although the PAHPs for different emission sources are always different each other, the PAHPs are often replaced by DRs in source apportionment to eliminate the influence of chemical reactions with other pollutants . The 5 BFs with the same PAHPs for the different sized BAs had similar DRs among all their BAs. The PAH DRs that have been frequently documented elsewhere were calculated for the finest BAs in that 8 BFs, as listed in Table 3 . In this study, the DRs for every bio-fuel refers to the weighed mean according to the ash yield for different sized particles and can be calculated as follows:
where DR BF is the DR value for one type of BFs, and A i and DR i are the contribution rate (%) and diagnostic ratio of ash of a specific size, respectively. The A i values for seven BFs were reported by Li et al. (2017b) . The DRs documented elsewhere were calculated based on their reported PAH congener data. The DRs extensively used to identify the PAH origins for the eight BFs involved in this study and other industrial and domestic burning sources reported elsewhere are listed in Table 4 .
Most ratios AN/(AN + PHE), BA/(BA + CHR), BA/CHR, BbF/BkF, BA/BgP, PY/BaP, and BA/BaP varied significantly among the 8 BFs, which indicated the strong influence of BF types on emitted PAHs and suggested that no series of coincident DRs can represent all BFs (Table 4) . BA/CHR and BbF/BkF could be used to identify the combustion sources among four types of plastics (Budzinski et al., 1999; Lohmann et al., 2000) . COC had the highest BA/(BA + CHR) value among the 8 BFs. The BbF/BkF values of the Chinese BFs were significantly higher than those of the Indian biomasses. The lack of any detectable BkF in COR, COC, and WAL resulted in their absent BbF/BkF values. The ratio of BaP/COR for SES was 0.966, which was significantly lower than that for Chinese coal combustion for heating and power generation. The ratios of BaP/COR were not available for the other 7 BFs due to a lack of detectable COR or BaP.
BbF/BkF might be used to discriminate between BFs from domestic and industrial combustion sources. The ratios of AN/(AN + PHE) and BA/BgP might be used for identification of combustion sources of different types of BFs.
Of the two structural isomers, PHE has higher thermal stability than AN, so PHE enriched at low temperatures, and AN is often related to combustion processes (Orecchio et al., 2016b) . The ratios of AN/(AN + PHE) in this study ranged from 0.068 to 0.271, with a mean value of 0.147, which indicated the association with combustion. AN/(AN + PHE) < 0.1 suggested low temperature sources (e.g., petroleum), while > 0.1 was an indication of the combustion sources (Toscano et al., 2014; Orecchio et al., 2016a, b) . The ratios of FA/((FA + PY) in this study ranged from 0.462 for SOR to 0.662 for COR with mean values of 0.592 and higher than 0.5, respectively. The ratio of FA/(FA + PY) > 0.5 always indicates the combustion of grass, wood, and coal, while a ratio of < 0.5 is an indication of petroleum or liquid fossil fuel combustion (Orecchio et al., 2016b) . However, some combustion sources have been documented elsewhere, such as indoor burning of wood pellets for heating in Italy (Orecchio et al., 2016a) , burning of crop residues for a power plant in the Czech Republic (Košnář et al., 2016) , and indoor burning of fuelwood for cooking in India (Singh et al., 2013) , with FA/(FA + PY) ratios lower than 0.5. A ratio of BA/(BA + CHR) > 0.35 implies combustion sources, 0.20-0.35 is related to petroleum or combustion sources, and a ratio < 0.20 indicates low temperature sources. In this study, the ratios of BA/(BA + CHR) ranged from 0.282 to 0.613 with higher mean value 0.426 as compared to 0.35, which implied the combustion sources. A ratio of IP/(IP + BgP) > 0.5 most likely implies that the combustion of grass, wood, and coal, in a range of 0.20-0.50, is related to liquid fossil fuel combustion, and where a ratio < 0.20 indicates a petroleum origin (Orecchio et al., 2016b) . The ratios of IP/(IP + BgP) in this study were in the range of 0.450-0.510, with a lower mean value as 0.493 as compared to 0.50, which was in disagreement with the findings of Orecchio et al. (2016b) . In some cases, the different DRs provided conflicting results in judgment of atmospheric sources (Orecchio, 2010a, b, c) . The total index was calculated as shown in Eq. (3) to identify the pollution sources.
If the total index is higher than 4, this is an indication of high temperature sources as combustion, while it is related to low temperature sources if the value is lower than 4 (Orecchio et al., 2016b) . The total index values for 8 BFs were all higher than 4, indicating they are associated with the combustion source.
Indicatory PAHs for Each Type of Ash
The indicatory PAHs, also known as source markers, tracers, indicators, or signatures may be used in the source apportionment of atmospheric PAHs (Kong et al., 2011) . The identification of indicatory PAHs used in the chemical mass balance (CMB) model is the first step for assessing source contributions to ambient PAHs. Dominance of PAHs in emission sources is not the selection standard of indicatory PAHs for these sources (Ravindra et al., 2008) . A formula shown here as Eq. (4) and recommended by Yang et al. (2002) has been extensively used to define indicatory PAHs.
where X i is concentration of the ith individual PAH congener; (X i /ƩX) j is the contribution of the ith individual PAH to the total PAHs in source j, and (X i /ƩX) min is the minimum contribution value of the ith individual PAH to the total PAHs within all sources (Chen et al., 2003; Kong et al., 2011) . The two or three PAHs with the highest ratio values are identified as indicatory PAHs (Yang et al., 2002; Chen et al., 2003; Kong et al., 2011) . NA is excluded from analysis because it is not defined as a PAH in a stricter sense, it is more like a volatile organic compound (VOC) due to its bicyclic structure (Kong et al., 2011) . (Kong et al., 2011; . It should be noted that different indicatory PAH profiles were found among different BFs, so we could not simply identify all the straws and wood pellets as one type of biomass in the source apportionment of the PAHs. The indicatory PAHs for 8BFs were significantly different from those of other industrial stacks (Yang et al., 1998; Tsai, et al., 2007; Ravindra et al., 2008; Kong et al., 2011) . Tsai et al. (2007) reported the indicatory PAH to be ACL for the coking industry, while Kong et al. (2011) reported it to be ACL, FL and AN for the same industry. Other PAH combinations have also been identified as marks for some industrial stacks in some previous studies. The PAH marks were found to be BaP and COR for the steel industry (Yang et al., 1998) , ACL, AC and AN for the cement industry (Ravindra et al., 2008) , and CHR, BbF, and DBA for an iron smelting plant (Kong et al., 2011) . The application of the indicatory PAH method in source apportionment should therefore be used with caution due to the significant influence of feed fuel, combustion temperature and device, combustion parameters, and types of air pollution control.
CONCLUSIONS
The 320 different sized BAs (5 size ranges for each type of BF) were collected for 8 BFs from 8 sampling sites across the Beijing-Tianjin-Hebei region. The Σ 18 PAHs values for all the BAs varied significantly from 65.0 ± 10.6 to 1310 ± 129 ng g -1 . SOR had the highest level, and COC had the lowest level. The Σ 18 PAHs for 6 BFs including SOY, WAL, COT, COR, COC, and SES were all negatively correlated with the particle size of the BAs, while those for MIL and SOR didn't display this trend. The BAs from all BFs were dominated by LMW-PAHs, especially the BAs from COR, COC, COT, and WAL. The PAH profiles for the different sized BAs within MIL, SOR, COC, COR, and SES were similar based on lower CD values, while the other 3 BFs did not show this trend. NA and PHE dominated in all the BAs. The other 6 top PAHs (ACL, AN, FA, PY, FL, and AC) dominated in all the BA samples except for SES. SOR and SES had higher BaPE, TEQ and CPAHs levels compared with the other BFs. Generally, the BaPE for 5 of the 8 BFs in this study were higher than those for domestic combustion of coal in high heat mode. The ratios of AN/(AN + PHE), BA/(BA + CHR), BA/CHR, BbF/BkF, BA/BgP, PY/BaP, and BA/BaP varied significantly among the 8 BFs, which indicated the strong influence of BF type and implied that no series of coincident DRs can represent all BFs. The BbF/BkF ratio may be used to discriminate between domestic and industrial combustion sources for BFs and coal. The ratios of AN/(AN + PHE) and BA/BgP could be used in identification of combustion sources of different types of BFs. The indicatory PAHs for 8 BFs were significantly different from those of other industrial stacks. They were BbF and BgP for SOY, MIL, COR, SOR and COC, and were AC and FL for WAL, COT, and SES.
